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Porous  electrodes  based  on  the  system  Lao.ssSro.isCri _xNix03_5  (x  =  0.1  and  0.2)  have  been  investigated 
as  anodes  for  proton  conducting  solid  oxide  fuel  cells  based  on  the  La5.6WOn.4_5  (LWO)  electrolyte 
material.  The  microstructure  of  the  anodes  was  optimized  by  varying  both  the  starting  powder 
morphology  and  the  final  anode  sintering  temperature.  Two  different  electrode  thicknesses  were 
studied,  i.e.  15  and  30  pm.  The  importance  of  the  catalytic  role  of  Ni  was  also  studied  by  using  different 
concentrations  of  Ni  (10%  and  20%)  in  the  chromite  and  by  tuning  the  Ni  particle  sizes  through  the 
control  of  the  reduction  temperature.  Additionally,  a  ceramic-ceramic  (cer-cer)  composite  electrode 
comprising  a  physical  mixture  of  the  optimized  chromite  and  LWO  phase  was  also  considered.  Finally,  a 
kinetics  study  and  modeling  based  on  Langmuir-Hinshelwood  mechanism  was  carried  out  in  order  to 
quantitatively  describe  the  rate  of  dissociative  adsorption  of  H2  on  the  Ni  particles  spread  on  the 
chromite  surface. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  high  protonic  conductivity  of  the  La6_xWOy  (LWO,  with 
0.4  <  x  <  0.7)  and  its  stability  in  CO2  containing  atmospheres  make 
this  material  a  promising  candidate  as  electrolyte  for  proton 
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conducting  solid  oxide  fuel  cells  (PC-SOFCs)  [1-6].  Although  this 
material  exhibits  mixed  electronic-protonic  conductivity  under 
reducing  conditions,  its  electronic  conductivity  is  negligible  when 
used  as  electrolyte  subjected  to  a  large  pC>2  gradient  (Air/H2),  i.e.  the 
cell  voltage  approaches  the  Nernst  potential  7,8].  The  increasing 
interest  in  these  PC-SOFCs  resides  in  the  possibility  of  reducing  the 
operation  temperature  and  avoiding  the  fuel  dilution.  Therefore, 
new  electrodes,  both  cathodes  and  anodes,  compatible  with  LWO 
electrolyte  are  demanded. 
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The  high  reactivity  of  the  LWO  phase  with  the  widely  used  NiO 
[9]  prioritizes  the  search  of  new  anode  materials  compatible  with 
LWO  electrolyte.  LaCr03_<5  based  materials  have  been  broadly 
investigated  as  (i)  interconnector  for  SOFC  despite  the  extreme 
sensitivity  to  oxygen  partial  pressure  and  high  manufacturing  costs 
[10,11  and  (ii)  anode  materials  due  to  the  redox  stability  and  high 
ability  to  inhibit  carbon  coking  [12,13]  in  CH4-fueled  SOFCs.  Indeed, 
Ni  doped  Lao.ssSro.isCrOs-^  (LSC)  has  been  tested  as  promising 
anode  for  conventional  SOFC,  since  it  combines  sufficient  electronic 
and  oxygen-ion  conductivity  under  anode  operation  conditions  and 
catalytic  activity  by  incorporating  a  catalyst  in  the  electrode,  e.g. 
ruthenium  or  nickel  [14-16].  It  has  been  reported  that  these  Ni 
doped  chromites  split  metallic  Ni  nanoparticles  under  reducing 
atmospheres  and  these  catalytic  particles  enhance  the  anode  per¬ 
formance  [17].  Furthermore,  chromites  present  mixed  electronic 
and  protonic  conductivity  in  reducing  atmospheres  and  they  are 
compatible  with  LWO  electrolyte  phase,  which  make  them  prom¬ 
ising  anode  materials  for  LWO  based  PC-SOFC  [8,9  .  Regarding  the 
nature  of  the  ionic  transport  though  LWO  electrolyte,  at  900  °C  the 
oxygen  transport  is  twice  the  proton  transport,  although  at  lower 
temperatures  (800  °C  and  below),  proton  transport  is  prevailing 
over  oxygen  ionic  and  electronic  conduction.  Indeed,  the  final 
application  of  this  cell  is  in  the  temperature  range  below  800  °C 
[1,18]. 

The  present  work  focuses  on  the  study  and  optimization  of 
Lao.85Sro.i5Cri_xNix03_,5  (LSCN,  with  x  =  0.1  and  0.2)  as  anode  for 
LWO  based  PC-SOFCs.  Firstly,  the  anode  performance  was  improved 
by  changing  the  microstructure  of  the  electrode,  i.e.  by  varying  the 
sintering  temperatures  of  both  the  starting  powder  and  the  screen 
printed  porous  electrode.  The  catalytic  role  of  Ni  was  analyzed  by 
incorporating  different  amounts  of  Ni  in  the  chromite  and  by 
varying  the  Ni  particles  sizes  (using  different  reducing  tempera¬ 
tures).  LSCN-LWO  cer-cer  composites  were  also  studied  by  mixing 
the  best  chromite  composition  with  the  LWO  protonic  phase. 
Finally,  a  kinetics  analysis  based  on  Langmuir-FIinshelwood 
mechanism  was  carried  out.  The  obtained  model  allowed 
describing  the  rate  of  dissociative  adsorption  of  H2  on  the  Ni  par¬ 
ticles  spread  on  the  chromite  surface. 

2.  Experimental 

Lao.85Sro.i5Cro.9Nio.i03_,5  (LSCN10)  and  Lao.85Sro.i5Cro.sNio.203-<5 
(LSCN20)  powders  were  prepared  by  citrate  reaction  route,  and  two 
different  pre-sintering  temperatures  of  the  powders  (1200  and 
900  °C)  were  studied  [17].  The  La5.5WOn.25-(5  used  as  protonic 
phase  for  the  composite  cathode  was  prepared  by  Pechini  method 
[19]  following  the  experimental  procedure  explained  elsewhere 
[6].  Screen  printing  inks  were  prepared  by  mixing  the  ball-milled 
powders  with  a  solution  of  ethylcellulose  in  terpineol  (6%-wt.) 
and  subsequently  refined  using  a  three  roller  mill  (Exakt).  Las.eW- 
On.4_«5  (LWO)  electrolyte  powder  was  commercially  provided  by 
Cerpotech. 

Crystalline  phase  of  the  different  materials  was  characterized  by 
X-ray  diffraction  (XRD)  by  a  PANalytical  CubiX  X’Pert  PRO  diffrac¬ 
tometer,  using  CuI<ocit2  radiation  and  a  X’Celerator  detector  in 
Bragg-Brentano  geometry.  XRD  patterns  were  recorded  in  the  26 
range  from  10°  to  90°  and  analyzed  using  X’Pert  Flighscore  Plus 
software. 

Dense  ~1  mm-thick  LWO  disks  were  obtained  by  uniaxially 
pressing  the  ball-milled  LWO  powder  at  — 120  MPa  and  final  firing 
at  1500  °C  for  5  h.  Porous  ~30  and  15  pm-thick  electrodes  were 
obtained  by  screen-printing  the  inks  on  both  sides  of  LWO  elec¬ 
trolyte  disks.  The  standard  electrode  thickness  was  30  pm.  Firing 
temperature  of  the  screen-printed  anodes  cells  was  950, 1050, 1150 
and  1250  °C  for  2  h.  Finally,  the  anodes  were  reduced  at  two 


different  temperatures,  900  and  800  °C.  A  summary  of  the  different 
tested  anodes  (powder  sintering  temperature,  anode  sintering 
temperature  and  the  final  anode  reduction  temperature)  is  shown 
in  Supporting  Fig.  1.  The  final  size  of  symmetrical  cells  was  15.5  mm 
in  diameter,  whereas  anodes  were  ~  9  mm  in  diameter. 

LSCN/LWO/LSCN  symmetrical  cells  were  tested  by  electro¬ 
chemical  impedance  spectroscopy  (EIS)  in  two-point  configuration. 
Input  signal  was  0  V  DC  -  20  mV  AC  in  the  0.01  -3  •  105  Hz  frequency 
range.  This  signal  was  generated  by  a  Solartron  1470E  and  a  1455A 
FRA  module  equipment.  EIS  measurements  were  performed  in  the 
900-650  °C  range,  under  moistened  atmospheres  (2.5%  vol.  H20)  at 
different  pH2  (by  using  fluxes  of  100%  H2  and  50%  and  5%  of  H2  in 
He).  Wet  5%  D2  in  He  (2.5%  vol.  D20)  was  also  used  in  order  to 
identify  protonic  processes  expecting  H/D  isotopic  effects.  In  all  the 
cases,  the  total  flow  remained  constant  (100  mL  min-1).  Raw 
impedance  data  were  fitted  to  an  equivalent  circuit  using  Z-plot 
software. 

The  microstructure  was  investigated  using  scanning  electron 
microscopy  (SEM)  (Zeiss  Ultra  55),  and  elemental  analysis  was 
carried  out  with  energy-dispersive  X-ray  spectroscopy  (EDS)  (INCA, 
Oxford).  The  porosity  of  the  anodes  was  calculated  by  analyzing 
SEM  images. 

3.  Results  and  discussion 

3.1.  Structural  characterization  of  Lao.85Sr0.i5Cr^xNix03s  (x  =  0.1 
and  0.2)  powders  and  compatibility  with  LWO  material 

XRD  patterns  of  La0.85Sr0.i5Cri_xNixO3_<5  (x  =  0.1  and  0.2)  pow¬ 
ders  prepared  by  Pechini  method  and  sintered  at  900,  1050  and 
1150  °C,  are  represented  in  Fig.  la  and  b.  It  can  be  observed  that  at 
900  °C,  besides  the  chromite  structure  peaks,  there  is  some  amount 
of  SrCr04  (diffraction  peaks  labeled  with  *  in  the  graphs).  These 
small  traces  of  SrCr04  are  in  agreement  with  previously  reported 
studies  [20]  and  disappear  when  the  sintering  temperature  is 
increased,  i.e.  above  1050  °C.  No  changes  in  cell  parameter  are 
induced  through  the  sintering  at  higher  temperatures,  as  inferred 
from  the  peaks  position. 

SEM  images  (Fig.  2)  show  grain  size  distribution  of  the  different 
LSCN  powders  at  two  different  magnifications  (top  and  bottom). 
Important  differences  in  the  grain  size  distribution  and  their  ho¬ 
mogeneity  are  observed  as  a  function  of  sintering  temperature,  i.e. 
the  grains  remain  smaller  and  more  homogenous  when  the  powder 
is  sintered  at  lower  temperatures.  LSCN10  sintered  at  1200  °C 
(Fig.  2a)  presents  grains  ranging  from  800  nm  to  1.6  pm,  while 
LSCN  10  sintered  at  900  °C  (Fig.  2b)  shows  a  well  distributed 
microstructure  with  grains  of  around  150  nm.  These  differences  in 
the  morphology  of  the  powders  affect  the  anode  performance,  as  it 
will  be  discussed  latter.  When  comparing  different  Ni-content 
powders,  LSCN10  and  LSCN20,  both  sintered  at  900  °C,  (Fig.  2b 
and  c,  respectively)  no  major  differences  in  the  grain  morphology 
are  observed  although  LSCN20  grain  sizes  are  slightly  smaller. 

Chemical  compatibility  of  LSCN10  and  LSCN20  anode  materials 
with  LWO  electrolyte  was  also  tested  at  high  temperature,  imitating 
the  electrode  sintering  process.  Fig.  3  shows  XRD  patterns  of  a 
mixture  of  50  vol.%  of  LSCN10  (sintered  at  1200  °C)  and  LSCN20 
(sintered  at  900  °C)  and  50  vol.%  of  LWO  (sintered  at  800  °C)  before 
and  after  being  commonly  sintered  in  air  at  1150  °C  for  5  h.  From 
the  patterns  it  can  be  inferred  that  there  is  no  reaction  between  the 
Ni-doped  chromites,  LSCN10  and  LSCN20,  and  LWO  since  all 
diffraction  peaks  can  be  assigned  to  both  chromite  and  LWO  phases. 
The  small  changes  in  intensities  and  widths  of  the  structural  peaks 
are  merely  attributed  to  the  different  initial  calcination  tempera¬ 
ture  of  each  powder.  Regarding  the  preparation  of  cer-cer  com¬ 
posites,  LSCN20  and  LWO  powders  (SEM  images  showed  in 
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Fig.  1.  XRD  patterns  of  LSCN10  (a)  and  LSCN20  (b)  powders  sintered  at  900, 1050  and  1150  °C. 
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Fig.  2.  SEM  images  of  grain  size  distribution  of  LSCN10  sintered  at  1200  °C  (a)  and  900  °C  (b)  and  LSCN20  sintered  at  900  °C  (c). 


Fig.  3.  XRD  patterns  of  LSCN10  +  LWO  50  vol.%  and  LSCN20  +  LWO  50  vol.%  after  being 
mixed  at  RT  and  sintered  together  at  1150  °C  for  5  h. 


Supporting  Fig.  2)  have  comparable  grain  sizes  that  allow  the  ho¬ 
mogenous  blending  of  the  electrode. 

LSCN  10  and  LSCN20  anodes  sintered  up  to  1150  °C  are  stable  and 
do  not  react  with  LWO  electrolyte.  However  higher  temperatures 
cause  the  formation  of  a  thin  reaction  interface  between  the  elec¬ 
trode  and  the  electrolyte  composed  of  a  high  concentration  of  big 
white  particles,  as  can  be  seen  in  the  SEM  image  of  sample  sintered 
at  1250  °C  in  Fig.  4.  It  is  ascribed  to  a  small  reaction  area  between 
both  materials  due  to  the  very  high  sintering  temperature  and  the 
Ni  content  of  the  anode  (it  has  been  reported  that  NiO  reacts  with 
LWO  [9,22,23]).  For  this  reason,  the  highest  selected  temperature 
for  anode  sintering  was  1150  °C.  TEM  analysis  on  FIB-lamellas  of 
LSCN10  sintered  at  1150  °C  on  LWO  confirmed  that  no  reaction  or 
interdiffusion  between  both  materials  takes  place  [9]. 

The  electrodes  deposited  on  LWO-cells  prepared  with  the  same 
starting  powder  (LSCN10  pre-sintered  at  either  900  or  1200  °C) 
have  a  very  similar  microstructure  and  only  differ  in  the  degree  of 
porosity,  which  decreases  as  the  sintering  temperatures  rises  (see 
SEM  images  in  Fig.  4  and  Supporting  Fig.  3).  Thus  from  Fig.  4  and  by 
using  computational  image  analysis,  a  porosity  of  48%,  42%  and  38% 
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Fig.  4.  SEM  images  of  LSCN10/LWO/LSCN10  cross-sections  of  samples  sintered  at  1050, 1150  and  1250  °C.  Starting  LCN10  powder  was  pre-sintered  at  1200  °C. 


can  be  estimated  for  the  samples  sintered  at  1050,  1150  and 
1250  °C,  respectively.  A  general  summary  of  the  samples  prepared 
and  the  parameters  considered  in  this  study  is  provided  in 

Supporting  Information. 

3.2.  Electrochemical  characterization  of  anodes  based  on  single 
chromite 

3.2.1.  Effect  of  the  starting  powders  morphology  associated  to  the 
pre-sintering  temperature 

The  effect  of  the  sintering  powder  temperature  is  analyzed  in 
terms  of  the  polarization  resistance  (Rp).  LSCN10  anodes  sintered  at 
1150  °C  and  made  of  powders  pre-sintered  at  900  and  1200  °C  are 
analyzed  in  Fig.  5a,  by  using  100%  H2  flow  saturated  with  water. 

The  anode  prepared  using  the  powder  pre-sintered  at  900  °C, 
shows  Rp  values  substantially  lower  than  those  obtained  for  the 
anode  prepared  with  the  powder  pre-sintered  at  1200  °C  (with  4 
times  smaller  Rp  at  750  °C).  The  improved  performance  of  the 
anode  with  the  powder  pre-sintered  at  900  °C  is  ascribed  to  its 
microstructure  (Fig.  2).  Specifically,  the  smaller  grain  size  of  the 
powder  pre-sintered  at  900  °C  (150  nm)  results  in  higher  surface 
area  available  for  the  FI2  oxidation  partial  reaction  in  contrast  with 
the  powder  pre-sintered  at  1200  °C,  which  present  particles  with 
grain  sizes  ranging  from  0.8  to  1.6  pm. 

Further  understanding  of  the  microstructure  role  on  the  anode 
operation  can  be  achieved  by  means  of  the  impedance  spectros¬ 
copy  analysis  of  symmetrical  cells.  Electrochemical  impedance 
spectra  recorded  on  anodes  sintered  at  1150  °C,  performed  in  wet 
(2.5  vol.%  FI20)  H2  at  750  °C,  are  represented  in  Fig.  5b  and  c 
(Nyquist  and  Bode  plots,  respectively)  after  subtracting  the  elec¬ 
trolyte  contribution.  EIS  modeling  is  carried  out  using  the  original 
raw  data.  EIS  measurements  can  be  fitted  to  a  double  R||CPE  cir¬ 
cuit,  as  the  one  showed  in  Fig.  6a,  more  or  less  overlapped, 
occurring  at  different  characteristic  frequencies,  low  frequencies 
(LF,  5-100  FIz)  and  medium  frequencies  (MF,  0.5-26  kHz).  An 
example  of  the  obtained  fittings,  previous  to  the  electrolyte  sub¬ 
traction,  is  plotted  in  Fig.  6b.  The  open  symbols  correspond  to 
experimental  data  and  the  lines  correspond  to  the  fitted  model. 
Table  1  summarizes  the  obtained  fitting  parameters  for  the 
different  electrodes  measured  in  this  work  (extended  parameter 
are  showed  in  Supporting  Fig.  4).  R0  corresponds  to  the  ohmic 
resistance  of  the  whole  cell  including  the  electrolyte  and  current 


collectors  and  L  to  the  inductance  of  the  wires.  In  this  context,  Rp 
is  the  sum  of  R1  and  R2.  In  the  rest  of  Nyquist  and  Bode  plots  R0 
and  L  contributions  have  been  removed  to  facilitate  the  direct 
comparison  among  different  anodes,  as  they  only  correspond  to 
the  electrolyte  material  and  to  the  wire,  respectively.  Note  that  the 
two  anodes  made  of  powder  pre-sintered  at  900  °C  and  sintered  at 
1050  and  950  °C  only  present  values  for  the  LF  circuit  as  the  MF 
arc  was  negligible  in  these  cases. 

From  the  raw  impedance  spectra  and  the  fitting  parameters 
(Table  1 ),  it  can  be  inferred  that  the  electrochemical  performance  of 
the  anodes  is  principally  limited  by  the  LF  associated  processes 
which  are  mainly  related  to  surface  associated  reactions  [9,22  .  In 
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Fig.  5.  Rp  of  LSCN10  anodes  sintered  at  1150  °C  made  from  powder  calcined  at  900  °C 
and  1150  °C  (a)  and  impedance  spectra  at  750  °C  Nyquist  (b)  and  Bode  (c)  plots. 
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Fig.  6.  Equivalent  circuit  model  used  for  the  EIS  measurements  (a)  and  obtained  fittings  (lines)  to  the  LSCN20  experimental  data  (open  symbols)  (b). 


agreement  with  this,  the  better  performance  of  the  LSCN10  anode 
with  powder  pre-sintered  at  900  °C  is  ascribed  to  its  higher  active 
surface  area  which  enhances  surface  kinetic  limited  process, 
reducing  LF  resistance  [9,22]. 


3.2.2.  Effect  of  the  final  anode  sintering  temperature 

Since  the  powder  pre-sintered  at  900  °C  exhibits  the  most 
appropriate  microstructure  for  anode  operation,  this  pre-sintering 
temperature  was  selected  for  preparing  the  symmetrical  cells  for 


Table  1 

Summary  of  the  fitting  parameters  for  the  different  experimental  data  of  the  tested  anodes  to  the  equivalent  circuit  showed  in  Fig.  6a. 


Sample 

LSCN10 

T 

RO 

R1 

Cl 

Freql 

R2 

C2 

Freq2 

°C 

Q 

Q 

F 

Hz 

Q 

F 

Hz 

LF 

LF 

LF 

MF 

MF 

MF 

Powder  pre-sintered  at  1200  °C 

Anode  sintered  at  1150  °C  100%  H2 

900 

10.85 

5.84 

6.4E-03 

26.6 

850 

14.13 

10.62 

5.4E-03 

17.5 

800 

18.75 

18.92 

4.6E-03 

11.6 

0.31 

2.2E-04 

14651.5 

750 

25.7 

33.86 

3.9E-03 

7.6 

0.65 

1.5E-04 

10415.7 

700 

34.76 

58.59 

3.5E-03 

4.9 

4.16 

9.4E-05 

2548.3 

650 

47.81 

103.60 

3.1E-03 

3.1 

10.11 

1.9E-04 

512.8 

Powder  pre-sintered  at  900  °C 

Anode  sintered  at  1150  °C  100%  H2 

900 

10.25 

1.82 

6.2E-03 

88.7 

0.21 

2.6E-04 

18525.5 

850 

13.42 

2.49 

5.8E-03 

69.0 

0.47 

5.6E-04 

3789.5 

800 

18.05 

3.95 

5.2E-03 

48.4 

0.86 

3.1E-04 

3717.4 

750 

27.48 

6.12 

5.4E-03 

30.4 

2.08 

2.0E-04 

2422.9 

Anode  sintered  at  1100  °C  100%  H2 

900 

10.46 

3.43 

2.8E-03 

102.8 

850 

13.83 

5.26 

2.1E-03 

89.3 

0.11 

3.8E-04 

24302.1 

800 

18.39 

8.51 

2.0E-03 

60.2 

0.37 

3.6E-04 

7452.9 

750 

24.9 

13.91 

2.0E-03 

36.7 

1.38 

2.2E-04 

3363.4 

700 

32.73 

20.62 

2.1E-03 

23.1 

2.91 

2.7E-04 

1282.0 

650 

42.81 

33.66 

2.5E-03 

11.7 

8.64 

2.5E-04 

472.5 

Anode  sintered  at  1050  °C  100%  H2 

900 

10.19 

16.48 

9.9E-03 

6 

850 

13.53 

20.91 

5.7E-03 

8 

800 

18.23 

27.64 

3.8E-03 

9 

750 

25.37 

45.67 

2.9E-03 

7 

700 

35.43 

72.31 

2.3E-03 

6 

Anode  sintered  at  950  °C  100%  H2 

900 

9.273 

7.92 

4.1E-03 

33.2 

850 

11.94 

12.95 

2.4E-03 

32.8 

800 

16.03 

22.46 

1.7E-03 

26.6 

750 

21.78 

39.18 

1.2E-03 

20.7 

700 

29.45 

69.75 

1.0E-03 

14.3 

650 

36.97 

137.60 

8.1E-04 

8.9 

LSCN20 


Anode  sintered  at  1150  °C  100%  H2  750 

15.34 

3.37 

3.7E-03 

80.3 

0.56 

6.8E-05 

26086.9 

700 

20.45 

5.24 

3.8E-03 

49.7 

1.48 

2.2E-04 

3104.1 

650 

28.34 

8.84 

4.4E-03 

25.8 

2.56 

7.4E-04 

529.9 

600 

38.19 

15.94 

4.4E-03 

14.4 

4.57 

4.5E-04 

489.8 
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the  rest  of  this  study.  Therefore,  in  the  next,  sintering  temperatures 
only  refer  to  the  final  anode  sintering. 

Fig.  7a  collects  the  Rp  (in  wet  hydrogen)  of  LSCN10  symmetrical 
cells  sintered  at  950, 1050, 1100  and  1150  °C  as  a  function  of  inverse 
temperature.  The  lowest  Rp  is  achieved  for  the  sample  sintered  at 
1150  °C  and  the  highest  one  corresponds  to  the  one  sintered  at 
1050  °C.  In  order  to  highlight  this  aspect,  Fig.  7b  illustrates  how  the 
electrochemical  performance,  i.e.  Rp  at  750  °C,  depends  on  the  final 
electrode  sintering  temperature.  The  anode  performance  does  not 
improve  Rp  significantly  up  to  1050  °C,  but  a  continuous 
improvement  can  be  observed  beyond  it.  The  best  performance 
shown  by  the  anode  sintered  at  1150  °C  can  be  related  to  a  better 
connectivity  among  the  particles  while  keeping  the  extended 
electrode  surface,  i.e.  no  major  particle  coarsening  occurs,  as 
deduced  from  SEM  analysis  (Supporting  Fig.  3). 

Fig.  7c  and  d  depict  the  impedance  spectra  (Nyquist  and  Bode 
plots,  respectively)  at  750  °C  of  the  LSCN10  anodes  sintered  at  these 
four  different  temperatures  (modeling  results  are  shown  in 
Table  1 ).  In  all  the  cases,  the  anode  operation  is  principally  limited 
by  LF  processes.  These  LF  processes  show  characteristic  frequencies 
at  the  range  1-100  FIz  and  associated  capacitances  of 
5  x  10-3  -  2  x  10~2  F  cm-2  that  are  typically  related  to  dissociation 
adsorption  or  surface  diffusion  reactions  [9,22]  and  not  to  gas 
diffusion  processes  [[23]  page  259].  The  MF  contribution  shows 
higher  characteristic  frequencies  (0.5—25  kHz)  and  the  associated 
capacitances  of  10-4-10-3  F  cm-2  that  can  be  interpreted  as  surface 
exchange  coupled  with  bulk  ionic  transport  in  mixed  conducting 
electrodes  [22,24,25]. 

On  the  other  hand,  as  the  overall  Rp  decreases,  the  limiting 
processes  shift  to  higher  frequencies.  This  fact  suggests  that  the 
anode  sintering  at  high  temperatures  improves  the  limiting  LF 
processes  albeit  the  specific  surface  area  of  the  electrode  decreases 
with  rising  temperature.  This  improvement  is  ascribed  to  the 
aforementioned  better  connectivity  among  anode  particles,  which 


in  these  mixed  conducting  electrodes  is  coupled  to  surface  reac¬ 
tion/processes  of  dissociation  adsorption  and  surface  diffusion  of 
hydrogen  (as  the  material  conducts  both  electrons  and  protons) 
and  appears  at  LF  in  EIS  analysis  [26,27]. 

3.2.3.  Effect  of  the  Ni  content 

Under  anode  operation  conditions  (wet  hydrogen  above  650  °C) 
LSCN  is  reduced  and  metallic  Ni  nanoparticles  precipitate  on  the 
surface  of  the  chromite  grains  [9,17,28,29].  The  presence  of  these  Ni 
nanoparticles  on  the  surface  gives  rise  to  the  formation  of  structural 
defects  [17,30]  and  metallic  Ni,  which  increases  substantially  the 
catalytic  activity  towards  H2  evolution  with  respect  to  the  LSC 
anode  material.  Nevertheless,  the  TEM  analysis  of  this 
Lao.ssSro.isCro.gNio.iOa-^  reveals  (Supporting  Fig.  5)  that  a  higher 
amount  of  Ni  would  be  needed  for  a  complete  coverage  of  LSCN 
grain  surface. 

The  influence  of  the  Ni  content  on  the  anode  performance  was 
analyzed  by  comparing  chromite  anodes  with  10%  and  20%  of  Ni 
(LSCN  10  and  LSCN20,  respectively).  For  this  comparison  LSCN20 
anodes  were  prepared  from  the  900  °C  pre-sintered  powders, 
which  are  compatible  with  and  of  similar  microstructure  than  the 
LWO  electrolyte  (as  demonstrated  in  Figs.  2  and  3).  The  Ni  nano¬ 
particles  formed  on  the  anode  upon  reduction  at  900  °C  have  sizes 
of  19.7  ±  3  nm  and  19.5  ±  5  nm  for  LSCN10  and  LSCN20,  respec¬ 
tively  (Supporting  Fig.  5). 

Rp  of  the  LSCN10  and  LSCN20  symmetrical  cells  sintered  at 
1150  °C  are  represented  as  a  function  of  inverse  temperature  in 
Fig.  8a.  Rp  of  the  pure  LSC  is  also  depicted,  for  comparison.  The 
introduction  of  Ni  improves  remarkably  the  anode  performance 
and  the  best  performance  of  LSCN20  anode  can  be  attributed  to  the 
higher  Ni  content,  which  promotes  surface  processes  due  to  its 
higher  catalytic  activity.  EIS  analysis  of  both  LSCN10  and  LSCN20 
symmetrical  cells  shown  in  Fig.  8b  and  c  (Nyquist  and  Bode  plots, 
respectively)  reveals  that  this  performance  improvement  can  be 


a  b 


Fig.  7.  Rp  as  a  function  of  temperature  of  the  LSCN10  anodes  sintered  at  different  temperatures  (a),  Rp  at  750  °C  as  a  function  of  sintering  temperature  (b)  and  EIS  in  wet  H2  of  the 
different  symmetrical  cells,  Nyquist  (c)  and  Bode  (d)  plots. 
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Fig.  8.  Rp  of  symmetrical  cells  with  LSC,  LSCN10  and  LSCN20  anodes  sintered  at 
1150  °C  (a)  and  impedance  spectra  of  LSCN10  and  LSCN20  measured  in  wet  H2  at 
750  °C,  Nyquist  (b)  and  Bode  (c)  plots. 


directly  ascribed  to  a  decrease  in  the  contributions  of  LF  associated 
processes.  In  fact,  LF  resistances  decrease  almost  3  times  as  can  be 
seen  in  the  Table  1.  This  is  in  line  with  the  catalytic  role  of  the  Ni  and 
the  higher  surface  concentration  of  Ni  in  the  LSCN20  anode,  as 
expected  and  observed  in  previous  works  by  temperature- 
programmed  reduction  experiments  (TPR)  measurements 
(Supporting  Fig.  5c)  [9,17]. 

3.2.4.  Effect  of  reduction  temperature  and  anode  thickness 

Once  observed  the  importance  of  the  catalytic  activity  of  Ni 
nanoparticles,  this  section  studies  how  the  Ni  morphology  can  be 
varied  by  using  different  reduction  temperatures.  In  parallel,  the 
anode  thickness  is  studied.  As  deduced  from  TEM  analysis  of 
chromite  powder,  [17  by  changing  the  anode  reduction  tempera¬ 
ture  from  900  to  800  °C,  Ni  particle  size  decreases  from  19.7  ±  3  nm 
to  16.0  ±  2.6  nm,  respectively.  The  observed  effect  of  the  reduction 
temperature  on  the  precipitated  metal  crystallite  size  is  in  line  with 
previous  studies  on  perovskites  [31].  This  two  reducing  tempera¬ 
tures  were  applied  on  anodes  with  15  and  30  pm  thickness  made  of 
LSCN20. 

Fig.  9a  depicts  the  achieved  Rp  for  four  LSCN20  symmetrical 
cells,  sintered  at  1150  °C  in  air,  where  the  total  thickness  and  the 
reduction  temperature  have  been  changed:  30  pm  and  15  pm 
(squared  and  round  symbols,  respectively)  and  both  reduced  at 
900  °C  and  800  °C  (open  and  solid  symbols,  respectively).  The  in¬ 
fluence  of  the  reduction  temperature  on  the  electrochemical  per¬ 
formance  is  much  more  important  than  the  magnitude  of  the 
electrode  thickness.  Namely,  Rp  decreases  four  times  for  the  ma¬ 
terials  reduced  at  800  °C.  EIS  spectra  represented  in  Fig.  9b  and  c 
(measurements  in  wet  H2  at  750  °C)  show  that  the  anode 
improvement  is  again  principally  associated  with  a  decrease  in  the 
LF  processes,  likely  related  to  surface  kinetics  reaction.  This  could 
be  attributed  to  the  slightly  smaller  size  of  Ni  nanoparticles  ob¬ 
tained  upon  reduction  at  800  °C  (16  nm)  that  gives  rise  to  a  higher 
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Fig.  9.  Rp  of  LSCN20  anodes  (sintered  at  1150  °C)  of  30  and  15  pm  thickness  and  both 
reduced  at  900  and  800  °C  (a)  and  their  impedance  spectra  at  750  °C  in  wet  H2, 
Nyquist  (b)  and  Bode  (c)  plots. 


catalytic  active  surface  area,  compared  to  that  created  by  the  Ni 
particles  formed  at  900  °C  (of  around  20  nm).  TPR  measurements  of 
LSCN20  revealed  that  the  amount  of  Ni  segregated  in  the  materials 
treated  at  800  °C  and  900  °C  is  the  same,  since  no  hydrogen  con¬ 
sumption  is  detected  at  temperatures  above  500  °C  [17].  Irre¬ 
spective  of  the  reduction  temperature,  the  optimum  thickness  is 
15  pm,  although  the  Rp  variation  with  thickness  is  very  small  with 
regard  to  that  produced  by  changing  Ni  particle  sizes. 


3.3.  LSCN20/LWO  cer—cer  anode  characterization 

A  common  practice  for  improving  the  electrode  performance  in 
protonic  fuel  cells  is  the  incorporation  of  a  certain  amount  of  the 
electrolyte  material  in  the  electrode  composition,  as  it  implies  the 
introduction  of  proton  conducting  pathways  in  the  electrode  and 
better  matching  of  thermal  expansion  between  electrode  and 
electrolyte  [32-37].  Fig.  10a  illustrates  the  Rp  of  LSCN20  anode  and 
the  cer—cer  made  when  40  vol.%  of  LWO  phase  is  introduced.  A 
huge  increase  in  the  Rp  is  observed  with  the  introduction  of  the 
LWO  phase.  This  increase  could  be  related  to  a  mere  dilution  effect, 
specifically,  due  to  (1)  the  chromite  in  these  conditions  is  not 
limited  by  the  protonic  conductivity  for  the  anode  operation  [9];  (2) 
the  decrease  in  the  catalytic  activity  and  (3)  the  reduction  of  the 
electrical  conductivity  when  LWO  is  introduced.  Fig.  10b  shows  the 
Rp  evolution  as  a  function  of  the  amount  of  the  LWO  phase  incor¬ 
porated  into  the  LSCN20  anode,  which  confirms  a  continuous  in¬ 
crease  of  Rp  with  the  addition  of  the  LWO  phase. 

EIS  measurements  at  750  °C  of  LSCN20  and  LSCN20/LWO  60/40 
anodes  are  compared  in  Fig.  10c  and  d  (Nyquist  and  Bode  plots).  The 
smaller  LF  arc  of  the  LSCN20  anode  attributes  its  improved  per¬ 
formance  to  its  higher  catalytic  activity.  In  addition,  the  appearance 
of  the  HF  arc  can  be  related  to  the  decrease  of  total  conductivity  of 
the  composite  anode.  In  fact,  the  addition  of  the  LWO  phase 
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Fig.  10.  Rp  of  LSCN20/LWO  60/40  vol.%  anode  sintered  at  1150  °C  compared  to  single  LSCN20  electrode  (a),  Rp  at  750  °C  in  100%  H2  as  a  function  of  the  introduced  amount  of  LWO 
protonic  phase  into  the  LSCN20  anode  (b)  and  EIS  measurements,  Nyquist  (c)  and  Bode  (d)  plots,  in  wet  H2  of  symmetrical  cells  of  LSCN20  and  LSCN20/LWO  60/40  cer-cer  anodes 
(15  pm  of  thickness)  sintered  at  1150  °C  and  reduced  at  800  °C. 


decreases  the  total  conductivity  of  the  anode  by  considering  a  mere 
dilution  effect  of  the  electron  conducting  phase  and  this  could  give 
rise  to  the  loss  of  electronic  percolation  pathways. 

3.4.  Kinetics  modeling 

The  electrochemical  behavior  of  these  chromite  anodes  is 
principally  limited  by  LF  processes  in  all  the  measured  conditions. 
As  these  processes  seem  to  be  related  to  dissociative  adsorption  or 
surface  diffusion  of  hydrogen,  the  inverse  of  the  LF  resistance  (Rlf) 
can  be  assumed  to  be  proportional  to  the  rate  of  dissociative 
adsorption  of  H2.  There  are  different  mechanisms  by  which  a 
molecule  or  atom  adsorb  onto  a  substrate  surface  and  reacts. 
Langmuir- Flinshelwood  mechanism  follows: 


Langmuir  equation  assumes  that  all  active  sites  on  the  solid 
surface  are  equal  and  have  equal  affinity  for  adsorbate  molecules.  In 
the  present  anodes,  these  active  sites  are  the  Ni  nanoclusters 
segregated  on  the  surface  of  the  chromite,  therefore  they  are  in¬ 
dependent  of  the  chromite  properties.  For  unimolecular  reactions 
(Agas^Aads)  in  which  the  decomposition  occurs  uniformly  along 
the  surface  where  the  rate  determining  step  (rds)  is  the  surface 
decomposition  r  =  kO  (/<  is  a  rate  constant),  r  can  be  written  as: 


On  the  other  hand,  for  a  bimolecular  reaction,  and  specifically 
for  the  dissociative  adsorption  of  H2,  two  adjacent  adsorption  sites 
(*)  are  needed  and  then 


1.  Adsorption  from  the  gas-phase 

2.  Desorption  to  the  gas-phase 

3.  Dissociation  of  molecules  at  the  surface 

4.  Reactions  between  adsorbed  molecules 

While  Eley-Rideal  mechanism  has  another  step: 

5.  Reactions  between  gas  and  adsorbed  molecules 

In  the  case  of  dissociative  adsorption  of  H2  only  Langmuir- 
Hinshelwood  mechanism  takes  place.  Therefore,  the  rate  of  a  het¬ 
erogeneous  reaction  is  controlled  by  the  reaction  of  the  adsorbed 
molecules  being  adsorption  and  desorption  pressures  in  equilib¬ 
rium.  Langmuir  adsorption  equation  relates  the  adsorption  of 
molecules  on  a  solid  surface  with  gas  pressure  above  the  solid 
surface  at  a  fixed  temperature: 


H2  +  2*^2H* 


(3) 


(j  =  (%  ’PH;)0'5 

1  +  (%  '^Hj)0'5 


(4) 


r  =  kdHdH  =  k - K»2  Ph2 -  Vi>2  -  4 ac  (5) 

(i  +  (KH2-Ph2)0'5) 

In  the  studied  anodes  (where  LF  surface  processes  limit  Rp)  the 
rate  of  dissociative  adsorption  of  H2  is  proportional  to  1/Rlf  and 
then: 


D~Xr  =  k~ 

Klf 


KPh2 


(1+V^) 


(6) 


6  = 


KP 
1  +/C-P 


(1) 


where  6  is  the  fractional  coverage  of  the  surface,  P  is  the  gas  pres¬ 
sure  (or  concentration)  and  I<  the  adsorption  constant. 


Two  limiting  steps  can  be  distinguished.  At  low  pressures 
^/K  Ph2  «  1  (weak  binding)  and  then  r^k-I<H2  PH2,  so  the  reac¬ 
tion  rate  is  linear  with  pH2.  At  high  pressures  Ph2  >>  1  (strong 
binding)  r^/c,  so  is  independent  on  pFl2  and  tends  to  the  rate 
constant  value.  This  rate  constant  k  is  proportional  to  the  number  of 
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the  active  sites  (surface  area  and  metal  dispersion)  and  the  size/ 
shape  of  the  catalyst  clusters. 

When  1  / Rlf  is  represented  as  function  of  the  pH2,  as  illustrated 
in  Fig.  11a  for  LSCN10  and  LSCN20  anodes  sintered  at  1150  °C,  the 
fits  to  equation  (6)  gives  I< constant  and  a  coefficient  proportional  to 
k  measured  in  Q-1  cm-2. 

Fig.  lib  displays  k  and  I<  coefficients  as  a  function  of  the  tem¬ 
perature  of  LSCN20  and  LSCN20/LWO  60/40  cer-cer  anodes.  The 
addition  of  the  LWO  protonic  phase  into  the  LSCN20  anode  de¬ 
creases  the  rate  constant  k,  as  corresponds  to  the  material  with 
reduced  concentration  of  active  sites  (Ni  clusters).  Flowever  the 
intrinsic  catalytic  activity  of  the  sites  should  not  be  modified,  and 
therefore  the  activation  energy  derived  from  k  should  not  change, 
as  it  is  confirmed  in  the  graph.  The  absorption  constant  I<  of  both 
electrodes  is  very  similar  as  an  inherent  material  property  of  Ni 
sites  on  LSCN  grains. 

Actually,  at  750  °C  I<  is  almost  constant  or  slightly  decreases 
with  anode  sintering  temperature.  Flowever  there  is  a  huge 
improvement  of  rate  constant  k  with  anode  sintering  temperature 
(see  Supporting  Fig.  6)  that  dominates  the  total  performance  of  the 
anode.  Furthermore  it  is  also  slightly  higher  for  LSCN20  sample,  as 
corresponds  to  its  proportionality  to  the  active  sites  which  are  the 
active  Ni  nanoparticles  in  this  case. 

Summarizing,  as  LSCN10  and  LSCN20  samples  present  surface 
limiting  processes,  Langmuir-Hinshelwood  mechanism  was  pro¬ 
posed  for  describing  their  rate  of  dissociative  adsorption  of  FI2,  that 
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is  proportional  to  1  /Rlf-  Adsorption  and  rate  related  constants  were 
calculated  and  compared  for  different  samples.  Rate  constant  in¬ 
creases  with  the  rise  of  anode  sintering  temperature,  which  agrees 
with  the  total  improvement  of  the  anode  with  the  sintering  tem¬ 
perature.  This  could  be  assigned  to  a  better  connectivity  among 
particles  while  the  anode  surface  area  does  not  change  noticeably. 
In  fact,  a  negative  effect  in  the  rate  would  be  expected  if  a  sub¬ 
stantial  reduction  in  the  surface  area  was  achieved.  However,  in  the 
present  case,  the  low  sintering  activity  of  the  chromite  prevents  the 
particle  coarsening  and  the  loss  of  surface  area.  Furthermore,  the 
increase  in  Ni  concentration  in  the  anode  composition  induces  a 
slight  increase  in  the  rate  constant,  ascribed  to  the  presence  of 
higher  amount  of  active  sites. 

This  model  describes  uniquely  the  surface  mechanism  related  to 
hydrogen  dissociation  and  proton  formation,  which  is  assumed  to 
be  the  rate  limiting  in  this  electrodes.  Consequently,  this  model 
does  not  provide  information  about  the  further  transport  of  the 
proton  towards  and  through  the  LWO  electrolyte. 

4.  Conclusion 

Different  anodes  based  on  Ni  doped  LaCr03  were  analyzed  in 
this  study  by  means  of  EIS  measurements.  First  the  compatibility  of 
Lao.85Sro.i5Cro.gNio.i03_<5  and  Lao.85Sro.i5Cro.8Nio.203-<5  with  Las.eW- 
On.4— <5  electrolytes  was  confirmed  as  no  reaction  between  materials 
was  found  by  XRD  measurements. 

Symmetrical  cells  based  on  the  single  materials  were  pre¬ 
pared  at  different  temperatures  and  also  with  powder  pre¬ 
sintered  at  different  temperatures,  inferring  information  about 
the  best  microstructure  for  the  anode  operation.  Thus  Rp  drops 
from  10.97  to  2.68  Q  cm2  at  750  °C  when  the  pre-sintering 
temperature  of  the  LSCN10  powder  is  reduced  from  1200  to 
900  °C,  and  thus  smaller  grains,  involving  higher  surface  area,  are 
obtained. 

The  catalytic  role  of  Ni  was  studied  (1)  by  comparing  the 
behavior  of  similar  symmetrical  cells  with  different  Ni  content  (10% 
and  20%),  and  (2)  by  changing  Ni  particle  sizes  by  using  different 
reducing  temperatures.  Thus,  at  750  °C,  Rp  is  reduced  from  the 
188  Q  cm2  of  the  pure  LSC  (with  no  Ni)  to  2.68  Q  cm2  when  10%  of  Ni 
is  introduced  (LSCN10)  and  finally  to  2.11  Q  cm2  when  the  amount 
of  Ni  is  increased  up  to  20%  (LSCN20).  When  Ni  nanoparticles  size 
drops  from  20  to  16  nm  Rp  diminishes  from  7.58  to  2.11  Q  cm2 
(studied  in  samples  with  the  same  amount  of  Ni,  LSCN20).  These 
facts  evidence  the  importance  of  the  catalytic  activity  of  Ni  that 
helps  anode  performance  by  reducing  surface  (low  frequency 
associated)  related  processes. 

Finally,  as  low  frequency  surface  related  processes  limit  the 
performance  of  these  anodes,  Langmuir-Hinshelwood  mechanism 
was  proposed  for  describing  their  rate  of  dissociative  adsorption  of 
H2,  which  is  proportional  to  1/Rlf-  Rate  and  adsorption  related 
constants  were  calculated  and  compared.  The  increase  of  the  rate 
constant  with  the  anode  sintering  temperature  and  with  the  higher 
amount  of  Ni  agree  with  the  improvement  of  the  anode  due  to  the 
better  connectivity  of  particles  and  with  the  higher  amount  of  Ni 
that  increases  the  active  sites  of  the  anode.  Very  slight  changes 
were  observed  for  adsorption  constants,  as  corresponds  to  an 
intrinsic  property  of  the  Ni  active  nanoparticles. 
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Fig.  11.  1/Rp  as  a  function  of  pH2  for  LSCN10  and  LSCN20  anodes  sintered  at  1150  °C  (a) 
and  calculated  k  and  I<  parameters,  proportional  to  rate  and  adsorption  constants 
respectively,  as  a  function  of  inverse  temperature  for  LSCN20/LWO  cer-cer  anode 
compared  to  LSCN20  anode  (b). 
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Appendix  A.  Supplementary  data 

Supplementary  data  related  to  this  article  can  be  found  at  http:// 
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